] (9), have been synthesized from a diphosphonate ligand 2,5-dimethyl-1,4-phenylenediphosphonic acid (H 4 L) and four N-donor auxiliary ligands (pyz = pyrazine, 2,2′-bipy = 2,2′-bipyridine, 4,4′-bipy = 4,4′-bipyridine, dpe = 1,2-di(4-pyridyl)ethylene). In compound 1, pyrazine molecules behave as pillars which connect the Co(H 2 L) layers into a 3D network structure. Compounds 2, 6 and 9 are isostructural and also show 3D framework structures, in which metal centers are linked by the bidentate diphosphonate ligands into 1D infinite chains and are connected by the pyrazine linkers. In compounds 3 and 8, the diphosphonate ligands, showing bidentate or tetradentate coordination modes, bridge the respective metal ions (Ni 2+ and Zn
Introduction
Metal phosphonates, as one kind of important inorganicorganic hybrid materials, have received tremendous attention 1 due to not only their fascinating structures, but also their promising applications as functional materials in a wide range of fields, including gas separation/sorption, 2 catalysis, 3 optical applications, 4 magnetism 5 and so on, which are all structure sensitive. Many metal phosphonates have been constructed by decorating the phosphonate ligand with other coordinating functional groups 6 or introducing a second auxiliary ligand. 7 In principle, a near limitless number of metal phosphonates can be obtained through different combinations of metal ions and organic ligands. Therefore, it is important to understand the mechanism of structure assembly and the structure-property relationships of this class of material for the final purpose of designing and synthesizing materials according to requirement. Comparing with the carboxylic acid group, the phosphonic acid group has an additional oxygen atom, giving it one more coordinating site and consequently more coordination modes, which makes it a great challenge to design and synthesize materials with specific structure and function. Many factors, such as the coordination geometry of the central metal ions, connective modes of the organic ligands, and synthesis conditions, can affect the final structures. Many efforts have been made to understand these by investigating different metal centers, functionalized phosphonate ligands, and synthesis conditions. The auxiliary ligand also has a large effect on the final structure, but until now systematic investigation of the effects of auxiliary ligands on the structure formation is still under explored. Very recently we reported eight metal diphosphonates synthesized from 2,5-dimethyl-1,4-phenylenediphosphonic acid (H 4 L). 8 Among the eight compounds, the diphosphonate ligand mainly adopted tetradentate (μ 4 :η 0 :η 1 :η 1 :η 0 :η 1 :η 1 ) or bidentate (μ 2 :η 0 :η 0 :η 1 :η 0 :η 0 :η 1 ) coordination modes, providing a good platform to investigate the effect of auxiliary ligands on the structure formation. Therefore, we reacted it with some transition metal salts and N-donor auxiliary ligands of different sizes, including pyrazine, 2,2′-bipyridine, 4,4′-bipyridine and 1,2-di(4-pyridyl)ethylene. 
Experimental

Materials and instruments
The synthesis of 2,5-dimethyl-1,4-phenylenediphosphonic acid (H 4 L) has been reported elsewhere. 8 Elemental analyses
were performed on a Vario EL III elemental analyzer. IR spectra were recorded on a Nicolet 6700 FTIR spectrometer as KBr pellets in the range of 4000-400 cm −1 . Powder X-ray patterns were obtained on a Bruker D8 Advance diffractometer using Cu-Kα radiation. Solution 1 H NMR spectra were recorded on a Bruker AVANCE-III NMR (600 MHz). Thermogravimetric analyses (TGA) were carried out on a NETZSCH STA 449C unit at a heating rate of 10°C min −1 under a nitrogen atmosphere. Fluorescent analyses of the free diphosponate ligand (H 4 L), pyrazine, 2,2′-bipy and compounds 8 and 9 were performed on Fluoromax-4 spectrofluorometer. Variable temperature magnetic susceptibility measurements of compounds 1-3 were obtained in the solid state using a Quantum Design SQUID MPMS-7 magnetometer operating at 1000 Oe.
Single-crystal structure determination
Single crystal X-ray diffraction measurements of compounds 1-9 were carried out on a Bruker SMART APEX II CCD diffractometer (Mo-Kα radiation, λ = 0.0713 Å) at room temperature. SAINT was used for the integration of intensity of reflections and scaling. 9 Absorption corrections were carried out with the program SADABS. 10 Crystal structures were solved by direct methods using SHELXS. 11 Subsequent difference Fourier analyses and least squares refinement with allowed for the location of the atom positions. In the final step of the crystal structure refinement hydrogen atoms of idealized -CH 2 and -CH 3 groups were added and treated with the riding atom mode; their isotropic displacement factors were chosen as 1.2 and 1.5 times the preceding carbon atom, respectively. All non-hydrogen atoms were refined with anisotropic thermal parameters. The hydrogen atoms on the water molecules of 1-9, except O2w in 1, were located from the difference Fourier map and not included in the refinements. One lattice water molecule (O2w) in compound 1 is partially occupied; its site-occupation factor is refined to be 0.3. The crystallographic details for compounds 1-9 are summarized in 
Results and discussion
Structural description of compound 1
Compound 1 crystallizes in the monoclinic P2(1)/c space group with four molecules in each unit cell. In the asymmetric unit, one crystallographically unique Co 2+ ion, two moieties of deprotonated diphosphonate ligand lying on inversion centers, one pyrazine, one coordinating aqua ligand and one lattice water molecule with 0.3 occupancy are present (see Fig. 1 ). Each Co 2+ ion is six-coordinated by three phosphonate oxygen atoms from three diphosphonate ligands, two nitrogen atoms of two pyrazine molecules and one coordinating water molecule. The Co-O and Co-N distances are found in the ranges of 2.012(2)-2.177(2) and 2.247(3)-2.291(3) Å (see Table 2 ), respectively, which are all comparable to those of other reported cobalt(II) phosphonates. 13 The phosphonic acid group in each diphosphonate segment is singly deprotonated, but displays two kinds of coordination modes: tetradentate (see model-A in Scheme 1) and bidentate (see model-B in Scheme 1). The tetradentate diphosphonate ligands bridge the Co 2+ ions into a two-dimensional layer in the bc-plane (see Fig. 2a ), whereas the bidentate ligands further assemble these layers into a three-dimensional framework structure (see Fig. 2b ). The pyrazine molecules behave as pillars between the CoO 4 N 2 octahedrons in the two-dimensional layer, reinforcing the robustness of the framework.
Structure description of compounds 2, 6 and 9
Compounds 2, 6 and 9 are isostructural, therefore only the structure of 2 will be described in detail. Compound 2 crystallizes in the monoclinic space group C2/c with four molecules in each unit cell. There is one crystallographically independent Ni(II) ion lying in a special position (0.25, 0.25, 0), part of a diphosphonate ligand and pyrazine on their respective inversion centers and one coordinating water molecule (see Fig. 3 Table 2 ), respectively, which are all in normal ranges. 14 The coordination mode of the diphosphonate ligand is the same as that found in compound 1, which can be denoted as: μ 2 :η 0 :η 0 :η 1 :η 0 :η 0 :η 1 (see model-B in Scheme 1). These bridging diphosphonate ligands link the Ni(II) ions into one-dimensional chains extending across two directions (see Fig. 4a and S1 †). These 1D chains are further bound together to form a three-dimensional structure via the linking of pyrazine molecules at the vertex positions of the NiO 4 N 2 octahedrons (see Fig. 4b ).
Structure description of compound 3
Upon changing the second ligand from pyrazine to 2,2′-bipy, one new compound (3) with a new structure was obtained.
The single-crystal X-ray diffraction analysis reveals that it has 
a Symmetry transformations used to generate equivalent atoms: For 1: #1 −x + 1, y + 1/2, −z + 1/2; #2 x, −y + 1/2, z − 1/2. For 2, 6 and 9: #1 −x + 1/2, −y + 1/2, −z. For 3: #1 −x + y − 2/3, −x + 2/3, z − 1/3. For 4: #1 −x, −y + 1, −z + 1; #2 −x + 1, −y + 1, −z + 1; #3 x − 1, y, z; #4 −x + 2, −y, −z + 1; #5 −x + 1, −y + 1, −z; #6 x + 1, y − 1, z + 1. For 7: #1 −x + 1, −y, −z. For 8: #1 −x + 1, −y + 1, −z.
Scheme 1 Schematic presentation of the coordination modes of the diphosphonate ligands in compounds 1-9. a one-dimensional chain structure. It crystallizes in the trigonal space group R3c with eighteen molecules in each unit cell. Each asymmetric unit is comprised of one crystallographically independent Ni(II), one doubly deprotonated diphosphonate ligand, two 2,2′-bipy molecules and two lattice water molecules (Fig. 5) Table 2 ), respectively, which are all in normal ranges.
14 In this case, the diphosphonate ligand is also doubly deprotonated and adopts the same coordination mode as that found in compounds 2, 6 and 9 (mode-B in Scheme 1). These diphosphonate ligands behave as bidentate linkers and link the Ni(II) ions into an infinite one-dimensional helix chain along the c-axis (see Fig. 6a ). A short center to center distance of 3.6505(1) Å is found for neighboring benzene and pyridine rings, indicating significant π⋯π interactions (dihedral angle: 9.11(3)°) between the diphosphonate ligands and 2,2′-bipy molecules. These 1D chains further assemble into a three-dimensional supramolecular structure forming hexagonal 1D channels running along the c-axis with diameters of about 4.818 Å (see Fig. 6b ). The calculated void space is around 1554.3 Å 3 , which amounts to 11.3% of the unit cell volume.
Structure description of compound 4
The 2,2′-bipy was further changed to 4,4′-bipy and this resulted in a new compound. Single-crystal X-ray diffraction analysis reveals that compound 4 crystallizes in the triclinic space group P1 and displays a three-dimensional pillar-layered structure. The asymmetric unit consists of two crystallographically independent Ni(II) ions lying at special positions (0, 0.5, 0.5 and 1.0, 0, 0.5), one 4,4′-bipy, one coordinating and two lattice water molecules (see Fig. 7 ). Both Ni1 and Ni2 are sixcoordinated, but the first coordination sphere of Ni1 is filled by two nitrogen atoms of two 4,4′-bipy molecules and four phosphonate oxygen atoms of four diphosphonate ligands, whereas Ni2 is coordinated by two aqua ligands, two nitrogen atoms and two phosphonate oxygen atoms. The coordination mode of the diphosphonate is different from those of the above mentioned compounds. In this case, one phosphonate group is monodentate whereas another one is bidentate. Its coordination mode can be denoted as: μ 3 :η 0 :η 0 :η 1 :η 0 :η 1 :η 1 (model-C, see Scheme 1). These bridging ligands link the Ni(II) ions into a two-dimensional layer structure in the ab-plane (see Fig. 8a ). The bridging linkers 4,4′-bipy bind at the apical positions of the Ni1 octahedrons and form a threedimensional pillar layered structure with a distance of about 10.7556 Å between neighboring layers (see Fig. 8b ). The lattice water molecules are accommodated between the layers and form plenty of O-H⋯O interactions with the aqua ligands and uncoordinated phosphonate oxygen atoms (see Table S1 †).
Structure description of compound 5
The auxiliary N-donor ligand was further changed to a longer one (dpe) to investigate its effect on the structure formation. As expected, the structure of the obtained compound is very different to those of compounds 2-4. It crystallizes in the triclinic P1 space group. In the asymmetric unit, there is one crystallographically independent Ni(II) ion, two diphosphonate and dpe ligand segments lying at inversion centers, two aqua ligands and two lattice water molecules (see Fig. 9 ). Each Ni(II) ion is six-coordinated by two phosphonate oxygen atoms of two diphosphonate ligands, two nitrogen atoms of two dpe molecules and two water oxygen atoms, forming an octahedron with the Ni-O and Ni-N bond lengths in the ranges of 2.045(3)-2.102(3) and 2.107(3)-2.118(3) Å (see Table 2 ), respectively, which are comparable to those of other reported nickel(II) phosphonates. 14 The diphosphonate ligands also adopt a model-B coordination mode and behave as linkers which bridge the Ni(II) ions into a one-dimensional infinite chain along the (221)-direction (see Fig. 10a ). These 1D chains are further connected by the dpe ligands into a square grid in the ac-plane (see Fig. 10b ). A closer look at the structure of the layers reveals that all the coordinating water molecules point at interlayers, whereas the uncoordinating water molecules exist around the aqua ligands between layers. These water molecules are involved in the formation of H-bonding interactions with the uncoordinated phosphonate oxygen atoms, behaving as hydrogen donors or acceptors (see Table S1 †). Thus, these square grids are assembled into a three-dimensional supramolecular structure with the aid of these H-bonds (see Fig. 10c ). 
Structure description of compound 7
The diphosphonate ligand was also reacted with CuSO 4 ·5H 2 O and 4,4′-bipy, leading to the formation of compound 7. It is very interesting that the structure of this compound is very different to that of 5, but very similar to that of 4, which has a layered structure. The asymmetric unit consists of one crystallographically independent Cu(II) ion lying at a special position (0.5, 0, 0), a half diphosphonate ligand and 4,4′-bipy molecule lying at inversion centers, and one water molecule (see Fig. 11 ), corresponding to a formula of [Cu(H 2 L)(4,4′-bipy)][(H 2 O) 2 ]. The Cu(II) ion is square-planar coordinated by two symmetry related phosphonate oxygen atoms of two diphosphonate ligands and two symmetry related nitrogen atoms of two 4,4′-bipy molecules (see Fig. 11 ), with the Cu-O and Cu-N bond lengths found to be 1.935(3) and 1.998(3) Å, respectively (see Table 2 ), which are comparable to those of other reported copper(II) phosphonates. 15 A model-B coordination mode is also observed for the diphosphonate ligand. These bidentate ligands bridge the Cu(II) ions into onedimensional infinite chains along the (022)-direction (see Fig. 12a ), which are further assembled by 4,4′-bipy molecules into two-dimensional square-grid sheets in the ac-plane (see Fig. 12b ). It should be noted there are two symmetry-related water molecules above and below the square planar coordination geometry of the Cu(II) ion which form weak bonding with the Cu(II) center (Cu-O1W: 2.890(5) Å) and very weak interactions with the phosphonate groups, leading to the formation of one three-dimensional supramolecular structure (see Fig. 12c ).
Structure description of compound 8
Compound 8 crystallizes in the triclinic P1 space group with two molecules in each unit cell. The asymmetric unit consists of one Zn(II) ion, two diphosphonate ligand segments lying at inversion centers and one 2,2′-bipy molecule (see Fig. 13 ), suggesting a formula of [Zn(H 2 L)(2,2′-bipy)]. The coordination geometry around the Zn(II) center can be regarded as a distorted trigonal bipyramid with O3 and N1 lying at the axial positions and O1, O6 and N2 at the equatorial positions. The Zn-O and Zn-N bond lengths are found to be in the ranges of 1.955(2)-2.038(2) and 2.119(3)-2.174(3) Å (see Table 2 ), respectively, which are all comparable to those of other Zn-containing compounds. 16 The two crystallographically independent diphosphonate ligands adopt two kinds of coordination modes: A and B (see Scheme 1). With the linkage of these ligands, the Zn(II) ions are woven into square grids in the ab-plane (see Fig. 14a ). The uncoordinated phosphonate oxygen atoms are involved in the formation of O⋯O interactions (see Table S1 †) and give rise to a three-dimensional supramolecular structure (see Fig. 14b ).
Effect of the auxiliary ligands on the structure formation
In this work, a series of pyridine-containing auxiliary ligands with different sizes and shapes were employed as second ligands to investigate their effect on the structure formation. From the structural analysis results it is obvious that low dimensionality is expected when 2,2′-bipy is used, whereas linear linkers such as pyrazine, 4,4′-bipy and dpe, not always but most of time, prefer to form three-dimensional framework structures. Among the four linear auxiliary ligands, undoubtedly pyrazine is the shortest one (2.797 Å). Four of the nine compounds (1, 2, 6 and 9) contain pyrazine ligands and display three-dimensional framework structures. 4,4′-Bipy and dpe are much longer (4,4′-bipy: 7.107 Å, dpe: 9.393 Å); the former can be found in compounds 4 and 7 and the latter can be found in compound 5. In these three compounds, 5 and 7 have square grid 2D layered structures, whereas 4 displays a three-dimensional pillar-layer structure. A closer look at their structures reveals that the M(II)⋯M(II) distances across the pyrazine linkers are 7.326 Å in 1, 7.163 Å in 2, 7.015 Å in 6 and 7.428 Å in 9; all are comparable to the distance of the diphosphonate H 2 L 2− ligand (~7.386 Å). The M(II)⋯M(II) distances across 4,4′-bipy or dpe are found to be 11.284, 13.620 and 11.034 Å for 4, 5 and 7, respectively, obviously longer than the length of the H 2 L 2− ligand. Thus, it is clear the distance of the auxiliary ligand has a major effect on the structure formation and we would propose that a high dimensional structure is favoured when the M(II)⋯M(II) distance across the auxiliary ligand matches the distance of the diphosphonate linker.
PXRD and thermogravimetric analyses
Powder X-ray diffraction measurements (PXRD) for complexes 1-9 were performed to characterize their purity (Fig. S2-S10 , ESI †). All the diffraction peaks on the curves are in good agreement with the simulated ones. Thermogravimetric analyses were performed to investigate the thermal stability of compounds 1-9 (see Fig. 15 ). The TGA curve of compound 1 indicates that it is stable up to 160°C. An initial weight loss (9.04%) of the lattice and coordinated water molecules is observed in the temperature range of 160-250°C. The observed value is obviously larger than the calculated value (5.49%), indicating that more lattice water molecules are accommodated in the framework. After the removal of water molecules, a second weight loss, corresponding to the removal of pyrazine molecules (calculated: 18.78%, observed: 18.72%), starts immediately. The TGA curves of compounds 2, 6 and 9 display similar character which is expected for isostructural compounds. Compounds 2 and 6 start to lose weight from 70°C whereas compound 9 starts at about 150°C, indicating better stability of 9. For compound 3, the first weight loss (5.79%) is observed in the range of 25-160°C, corresponding to the removal of two coordinated water molecules in each formula (calculated: 5.37%). Following the first weight loss is a plateau until 300°C. From the single-crystal X-ray diffraction analysis, compound 3 has a 1D chain structure, and normally moderate stability is expected. But the decomposition of 3 starts at about 300°C, indicating its good thermal stability and strong π⋯π interactions between the 2,2′-bipy molecules. Several steps of weight losses are present on the TGA curve of compound 4.
The first one (12.11%) , in the range of 30-130°C, corresponds to the removal of two lattice and one coordinated water molecules (10.14%). It starts to decompose at about 195°C, accompanying the release of 4,4′-bipy molecules. The thermal stability of compound 5 is not good; it starts to lose weight at about 60°C and releases all the lattice and coordinated water molecules at about 245°C. Upon further heating, the collapse of the coordination network is observed, accompanying the release of dpe ligands. The thermal stability of compound 7 is much better. No obvious weight loss can be observed before 155°C. The first weight loss (7.16%) in the range of 155-220°C, matches well with the value of two coordinated water molecules in each formula (6.93%). It does not decompose until the temperature reaches 300°C, whereafter it begins to decompose. For compound 8, it starts to decompose at about 320°C, indicating very good thermal stability which can be ascribed to the contribution of the strong π⋯π interaction between the pyridine and benzene rings and O⋯O bonds in the 3D supramolecular structure.
Photoluminescence properties
Zn(II) and Cd(II)-containing compounds have received much attention for their potential applications as optical materials or chemical sensors. Thus, the photoluminescence properties of compounds 8 and 9, as well as the free diphosphonate ligand, 2,2′-bipy and pyrazine, were investigated in the solid state at room temperature (see Fig. 16 ). It was found the free ligands display photoluminescence with emission maxima at about 318 nm for H 4 L, 359 and 397 (shoulder) nm for pyz, and 544 nm for 2,2-bipy, respectively. It can be presumed that these emissions originated from the π* → π or π* → n transitions. Upon complexation with Zn(II) and Cd(II) ions, intense fluorescence emissions are observed at 369 and 387 (shoulder) nm for 8, and 415.5 nm for 9. Comparing with the emissions of the free ligands, different band shapes and blue or red shifts have been observed for compounds 8 and 9. Considering that Zn(II) and Cd(II) ions are difficult to oxidize or reduce, 17 these bands can also be ascribed to intraligand fluorescence emissions which are largely affected by the different coordination environments around the respective metal centers and different deprotonation levels of the H 4 L ligands.
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Magnetic properties
The variable-temperature susceptibilities ( χ m ) of compounds 1-3 were investigated on polycrystalline samples over the temperature range 2-300 K with a 1 kOe applied field (see Fig. 17-19 ). For 1, the observed χ m T value at room temperature is 3.52 cm 3 K mol −1 , which is slightly lower than the spin-only value of 3.87 cm 3 K mol −1 expected for one isolated high spin Co II ion with S = 3/2 and g = 2.00. As the temperature is lowered, the χ m T value decreases gradually to reach a minimum of 0.51 cm 3 K mol −1 at 2 K, suggesting an overall antiferromagnetic interaction (see Fig. 17 ). The reciprocal molar magnetic susceptibility data obey the Curie-Weiss law well in the high temperature region of 50-300 K, with a Curie constant of C = 4.0 cm 3 K mol −1 and a Weiss constant of θ = −42.64 K. The negative value of the Weiss temperature suggests an antiferromagnetic interaction.
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The magnetic properties of compounds 2 and 3 in the form χ M −1 and χ M T vs. T are represented in Fig. 18-19 . Fitting of the susceptibility data according to the Curie-Weiss law gives Curie constants (C) of 1.40 and 1.76 cm 3 K mol −1 for 2 (50-300 K) and 3 (100-300 K), respectively, and Weiss constants (θ) of −8.62 and −37.21 K for 2 and 3, respectively. At room temperature, the values of χ M T are 1.38 and 1.60 cm 3 K mol In compounds 1 and 2, the M(II) ions are bridged by the pyrazine and bidentated diphosphonate ligands H 2 L 2− with M(II)⋯M(II) distances of 7.326 and 9.962 Å for 1, and 7.163 and 9.648 Å for 2. The magnetic exchange coupling is, therefore, mainly propagated through the pyrazine bridges. For compound 3, the Ni(II) centers are bridged through the long bridging ligands H 2 L 2− . As the shortest Ni(II)⋯Ni(II) distance across the diphosphonate ligands is 10.077 Å, the magnetic exchange coupling through the H 2 L 2− bridge is expected to be very weak. The overall antiferromagnetic interaction should be mainly attributed to the superexchange coupling between the 1D chains. It is noticed that the shortest Co⋯Co distance between the 1D chains in 3 is 8.334 Å.
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Conclusion
In summary, a series of metal diphosphonates with different second auxiliary ligands and structures have been synthesized and thoroughly characterized. The crystal structural analyses reveal that the size of the second auxiliary ligand has a large effect on the structure formation. Highdimensional structure is favoured when the M(II)⋯M(II) distance across the auxiliary ligand matches the distance of the diphosphonate linker. The Zn-and Cd-containing compounds (8 and 9) display interesting intraligand fluorescent emissions. The Co-and Ni-containing compounds (1-3) all show dominant antiferromagnetic exchange behaviors.
